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SUMMARY
Ras GTPases are conformational switches control-
ling cell proliferation, differentiation, and develop-
ment. Despite their prominent role in many forms of
cancer, the mechanism of conformational transition
between inactive GDP-bound and active GTP-bound
states remains unclear. Here we describe a detailed
analysis of available experimental structures and
molecular dynamics simulations to quantitatively as-
sess the structural and dynamical features of active
and inactive states and their interconversion. We
demonstrate that GTP-bound and nucleotide-free
G12V H-ras sample a wide region of conformational
space, and show that the inactive-to-active transition
is a multiphase process defined by the relative rear-
rangement of the two switches and the orientation
of Tyr32. We also modeled and simulated N- and
K-ras proteins and found that K-ras is more flexible
than N- and H-ras. We identified a number of iso-
form-specific, long-range side chain interactions
that define unique pathways of communication be-
tween the nucleotide binding site and the C terminus.
INTRODUCTION
Ras proteins are conformational switches involved in signal
transduction pathways controlling cell proliferation, differentia-
tion, and development (Ehrhardt et al., 2002). The signaling activ-
ity of Ras is dictated by a regulated GTPase cycle that modulates
the conformation of Ras and its affinity for downstream effectors.
The intrinsic GTP hydrolysis and GDP/GTP exchange rates of
Ras are very low, and are enhanced by two types of regulatory
proteins. GTPase activating proteins (GAPs) promote GTP hy-
drolysis and formation of the inactive GDP-bound conformation,
while guanine nucleotide exchange factors (GEFs) promote GDP
release and formation of the active, effector-interacting GTP-
bound conformation. A number of oncogenic Ras variants are
insensitive to GAP action and are consequently locked in the
active GTP-bound state, leading to deregulated activation of
Ras function and uncontrolled cell growth (Herrmann, 2003).
Ras proteins are anchored to cell membranes to facilitate ef-
fective interaction with their upstream activators and down-
stream targets.Membrane association involves posttranslational
modifications at C-terminal cysteine residues. Intriguingly, the
22/23 residue C terminus, termed the hypervariable region, dis-
plays little sequence similarity between isoforms. In contrast,
the 166 residue N terminus, termed the catalytic domain, is
remarkably well conserved. The catalytic domain contains se-
quence motifs important for GTPase function and effector/
exchange factor interaction. The three ubiquitously expressed
mammalian isoforms, H-, N-, and K-ras4B (hereafter referred to
as K-ras) share over 95% sequence identity within their catalytic
domain, yet promote specific signal outputwith limited cross-talk
(Ehrhardt et al., 2002, 2004; Wolfman, 2001). Their divergent
hypervariable regions have been implicated as the primary
source of functional specificity (Hancock and Parton, 2005;
Rocks et al., 2005; Wolfman, 2001). However, selective interac-
tion of the catalytic domain with effectors and exchange factors
has also been suggested (Ehrhardt et al., 2002, 2004). Thus an
understanding of functional fidelity requires a detailed structural
and dynamical characterization of the catalytic domain of each
isoform.
Although there is currently no high-resolution structural data
for N- or K-ras isoforms, the catalytic domain of H-ras has been
the subject of extensive studies, with over 50 atomic resolution
structures now available (Brunger et al., 1990; Diaz et al.,
1997a; Pai et al., 1989; Scheffzek et al., 1994, 1995; Valencia
et al., 1991; Wittinghofer et al., 1993). In every case, the catalytic
domain is composed of a six-stranded antiparallel b sheet sur-
rounded by five a helices. It contains a conserved phosphate
binding loop (P loop, residues 10–17) and two nucleotide binding
site switch regions (SI, residues 25–40, and SII, residues 57–75).
Oncogenic mutations frequently occur at these sites. Further-
more, SI and SII undergo major conformational changes upon
GDP/GTP exchange (Rudolph et al., 2001). Therefore, efforts to
understand the mechanism of conformational exchange have
largely focused on the switch regions. For example, by systemat-
ically analyzing crystal structures of Ras variants in which critical
SI and SII residues were replaced by alanine, Nassar and col-
leagues were able to identify several intermediate conformations
(Ford et al., 2005, 2006;Hall et al., 2002;Nassar et al., 1995, 2006;
Rohrer et al., 2001). Similarly, spectroscopic experiments on
a number of Ras variants found multiple switch conformations
in both the di- and triphosphate states (Spoerner et al., 2001).
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Structure and Dynamics of Ras IsoformsThese and related studies of switchmutants (see reviewbyVetter
and Wittinghofer, 2001) have demonstrated that the switch re-
gions exhibit substantial mobility both within and between differ-
ent nucleotide states.
The present study aims to quantitatively assess the structural
and dynamical features of active and inactive states and probe
the possible differences between Ras isoforms with simulation
and bioinformatic approaches. Earlier molecular dynamics
(MD) simulations of Ras successfully characterized fluctuations
within individual nucleotide states (Diaz et al., 1995; Foley
et al., 1992). However, spontaneous nucleotide-dependent tran-
sition between states has not been observed. Although simula-
tions reported thus far were relatively short (<5 ns in length),
we found that extended simulations of up to 30 ns were not
sufficient to achieve a spontaneous transition. Therefore, spon-
taneous conformational exchange between the GTP- and
GDP-bound states of wild-type Ras is unlikely to be observed
in current equilibrium MD simulations. Previous studies required
the application of external forces (e.g., via targeted MD), in order
to probe the reaction path of the conformational change (Diaz
et al., 1997b; Ma and Karplus, 1997). For wild-type Ras, these
findings are consistent with the expected high-energy barrier
that ultimately requires GAP and GEF to accelerate GTP hydro-
lysis and GDP release. On the other hand, 2 ns long MD simu-
lations of the oncogenic G12V Ras have indicated a more
dynamic active site structure than that of the wild-type or the
nononcogenic G12P variant (Futatsugi and Tsuda, 2001). In-
formed by these reports and the intermediate structures deter-
mined by Nassar and colleagues (Ford et al., 2005, 2006; Hall
et al., 2002), we hypothesized that oncogenic mutations may
lower the barrier between states, and shift the equilibrium in
favor of the GTP-bound state. Indeed, for uninterrupted signal
flow, oncogenic Ras should preferentially reside in a GTP-like
conformation.
In the current work, principal component (PC) analysis (PCA) is
used to characterize the relationship between available H-ras
experimental structures. This analysis of oncogenic and nonon-
cogenic H-ras variants revealed that the G12V in its inactive
GDP-bound state has unique structural features that distinguish
it from the normal inactive GDP-bound Ras. We therefore rea-
soned that MD simulations started from the GDP-bound G12V
structure in the presence of GTP may enable observation of
spontaneous transition events. The results from the PCA analy-
sis of the experimental structures were used as a means to inter-
pret data from multiple simulations, enabling us to show that the
GTP-bound and nucleotide-free G12V Ras sample amuch wider
region of conformational space, including the active conforma-
tion, than the GDP-bound form. Interestingly, the inactive-to-ac-
tive conformational transition is characterized by a multiphase
process in which the rearrangement of SII precedes that of SI,
whereas the relative arrangement of the two switches, rather
than their individual conformation, determines the nature of the
nucleotide states. Another interesting outcome of our analysis
is the unique ability of Tyr32 to describe the switch conforma-
tions in both the experimental and simulated structures. Further-
more, the observed modulation of H-ras dynamics by the G12V
point mutation prompted us to use G12V N- and K-ras to inves-
tigate the structural and dynamics consequences of the se-
quence variation among isoforms. In order to avoid the interfer-
ing effect of the nucleotide, and because of the dynamic
behavior exhibited by the nucleotide-free H-ras G12V simula-
tions, comparison of the isoforms was made in the absence of
the nucleotide. Homology models were constructed for N- and
K-ras based on the structure of H-Ras. MD Simulations of these
models show that, while the overall structure of the three pro-
teins is similar, K-ras is more dynamic than N- and H-ras. Fur-
thermore, a number of isoform-specific, long-range side chain
interactions were identified. These interactions appear to define
unique pathways of communication between the nucleotide
binding site and the C terminus, and provide new insights into
the source of functional specificity among Ras isoforms.
RESULTS AND DISCUSSION
We first mapped the active and inactive states of available
experimental structures. Based on these results, we identified
the G12V variant of H-ras as a starting point for MD simulations
intended to study the spontaneous inactive-to-active transition.
Subsequent comparative analysis of H-, N-, and K-ras simula-
tions were used to investigate isoform-specific structural and
dynamical features of potential functional importance.
H-Ras: Structure and Dynamics
As of July 2007, 55 H-ras crystal structures have been deposited
in the RCSB protein data bank (Berman et al., 2000, 2002). These
include GDP- and GTP-bound forms. A total of 14 structures
were not considered in the current analysis, as they either con-
tained missing residues or were solved in complex with GEFs,
GAPs, or effectors. In total, 46 chains from 41 unique structures
were subjected to interconformer analysis. PCA was used to ex-
amine the major conformational differences between structures.
Over 88%of the total mean-square displacement (or variance) of
atom positional fluctuations was captured in eight dimensions,
over 57% in two dimensions, and over 67% in three dimensions.
The first few PCs retain most of the variance in the original distri-
bution, and thus provide a useful description of the conforma-
tional space of the system (see Figure 1 for details). Projecting
the original structures onto the subspace defined by the PCs
with the greatest associated variance resulted in a low dimen-
sional, graphical representation that succinctly displays the
relationship between structures (Figure 1).
Figure 1A displays the relationship between structures in terms
of the conformational differences described by the first two PCs
(PC1 and PC2). The contribution of each residue to the first three
PCs is displayed in Figure 2. The height of each bar (Figures 2A–
2C) represents the relative displacement of each residue de-
scribed by a given PC and is depicted as atomic displacements
from the mean structure in Figure 2D. The dominant feature de-
scribed by PC1 is the concerted displacement of the switch re-
gions comprising the secondary structure elements; loop2 (the
effector loop) and loop4-a2 (residues 31–37 and 59–72). As pre-
viouslymentioned, these regions are known to exhibit substantial
mobility, both within and between different nucleotide states.
PC2andPC3alsodemonstrate the inherentmobility of the switch
regions, along with significant displacements of the neighboring
a3-b5 loop region (residues 99–108), as well as the distal b2-b3
loop region toward the bottom tip of the catalytic domain.
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Structure and Dynamics of Ras IsoformsThe current Ras structures can be divided into two major
groups along the PC1 axis. Members of each cluster differ in
the relative orientation of their switch regions. The conforma-
tional clustering that we observe coincides with the nature of
the bound nucleotide in the various structures (Figure 1B). This
is consistent with the view that distinct chemical species in the
active site lead to distinct global conformations of the catalytic
domain. Interestingly there are a number of GTP structures
that do not reside in the main GTP cluster. All but two of these
structures possess a switch I or switch II loop mutation (Y32C
or G59A). Chains D and A of the nonmutant 6q21 contact each
other within the asymmetric unit. The conformational effect of
these contacts is further emphasized as chains B and C from
the same structure both reside in the main GTP cluster. Of par-
ticular note are two GDP-bound structures (PDB codes: 2q21
and 1q21), which lie, uniquely for GDP-bound structures, be-
tween the main GTP and GDP clusters in the PC1-PC2 plane.
One of these, the mutant G12V structure (PDB code: 2q21)
was chosen as an attractive starting point for studying the reac-
tion path between states via unbiased MD simulations.
Spontaneous Conformational Transition
Three sets of simulations were carried out on G12V H-ras in the
absence of nucleotide and in the presence of GDP and GTP. Ex-
cluding the two switch regions, the values of the Ca atom root-
mean-square deviation (rmsd) indicate a stable overall structure
in all simulations (Table 1). The overall flexibility of the structures,
monitored by Ca atom root-mean-square fluctuations (rmsf; see
below), is also similar among the three nucleotide states. How-
ever, there are some variations of atomic interactions (contacts),
such as in a2 and between strands b1 and b3 (see Figure S1 in
the Supplemental Data available with this article online).
Projection of theMDconformers onto thePCsdetermined from
analysis of H-ras crystal structures (see previous section) was
used to evaluate the overall conformational space sampled by
each set of simulations (Figure 3). It is apparent that every set
of simulations sampled a wide region of conformational space,
but that GTP-H-ras and free H-ras covered a much wider region
thanGDP-H-ras. In fact, introduction of theg-phosphate induced
evolution toward the cluster populated by the experimental GTP-
like conformers, suggesting a spontaneous inactive-to-active
transition. Furthermore, the free H-ras simulations sampled two
distinct regions: one near the cluster containing the inactive
form of the G12V variant, and another close to the cluster of the
active structures. None of the simulations evolved toward the
cluster of the wild-type inactive conformers. This may suggest
a larger barrier between the inactive forms of H-rasG12V and
its wild-type counterpart. Note that some individual simulations
didnot achieve transitionwithin a timescaleof 10–15ns (e.g., Fig-
ure 3C), emphasizing the advantage of multiple simulations
(Caves et al., 1998; Gorfe and Caflisch, 2005, 2007; Gorfe et al.,
2002).
Figure 1. Results of PCA on the Ras Catalytic Domain
(A) Conformer plot: projection of all Ras X-ray structures onto the principal planes defined by the two most significant PCs (PC1 and PC2). Structures are colored
by nucleotide state, triphosphate in red and diphosphate in green (see Table S1 for further details) and labeled with their PDB code where space permits. Dashed
ovals represent the grouping obtained from hierarchical clustering of the projected structures in the PC1 to PC3 planes detailed in (B). Insert: eigenvalue spectrum
detailing results obtained from diagonalization of the atomic displacement correlation matrix of Ca atom coordinates. The magnitude of each eigenvalue is ex-
pressed as the percentage of the total variance (mean-square fluctuation) captured by the corresponding eigenvector. Labels beside each point indicate the
cumulative sum of the total variance accounted for in all preceding eigenvectors.
(B) Heat map clustering of Ras structures in the PC1 to PC3 planes. Structure labels are colored by nucleotide state (see Table S1 for further details).
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Structure and Dynamics of Ras IsoformsConsistent with the PCA projections (Figures 3A–3C), GTP-H-
ras and free H-ras exhibit higher deviations in both SI and SII re-
gions thanGDP-H-ras (Figure S2A). TheDrmsf profiles displayed
in Figure 3D further demonstrate that fluctuation differences be-
tween the three sets of simulations are almost entirely due to the
switch regions. This is consistent with previous crystallographic
(Rudolph et al., 2001) and targeted MD studies (Diaz et al.,
1997b; Ma and Karplus, 1997).
The Reaction Path along GDP-GTP Transformation
As GDP-GTP conformational transitions are largely achieved by
reorientation of the switch regions, it is important to evaluate the
extent and nature of their relaxation. We first considered the dis-
placement of SI and SII as a whole by examining the time evolu-
tion of their Ca-rmsd from the initial structure (Figure S2A). In the
presence of GDP, their structure remains fairly close to the initial
conformation (rmsdz 1.6 A˚), andmoves away upon the addition
of the g-phosphate (final rmsd > 3.5 A˚) or in the absence of the
nucleotide (final rmsd z 3.0–3.5 A˚). Furthermore, the bimodal
distribution of the frame-by-frame pairwise rmsd derived from
the combined (all-in-one) trajectory shows the existence of two
separate ensembles of conformations (Figure S2B), and is con-
sistent with the PCA results (Figures 1–3). The tails of the distri-
bution are also consistent with the presence of transient confor-
mations.
Interesting results are obtained when SI and SII are consid-
ered separately. SII experiences the first and largest rmsd dis-
placement (Figure 4A). The sequence of events during the trans-
formation can bemore clearly examined by subtracting the rmsd
of SII from SI (SI SII; green in Figure 4A). In the earlier stages of
the free H-ras and GTP-H-ras simulations, SI  SII declines
steeply, as the rmsd of SII increases faster than that of SI. It
then increases as SI moves away from the initial conformation;
notice that the sign reverses (becomes positive) in three out of
four cases. In contrast, SI SII remains negative and fairly stable
in GDP-H-ras. These results indicate that the conformational
transition of Ras from the inactive to the active state is triggered
by the displacement of SII. SI follows after a lag time of multiple
nanoseconds, and then moves faster than SII. Noe et al. (2005)
predicted a remarkably similar mechanism based on the method
of minimum energy path sampling. Their calculation suggested
a four-phased transition, which is comparable to the presence
of multiple phases in Figure 4A. We note, however, that unam-
biguous characterization of the individual phases requires ex-
haustive sampling beyond the scope of the current work.
The distributions of the pair-wise rmsd calculated separately
forSI andSII (FigureS2B) arebroadand, in thecaseofSII, contain
extended tails. The conformations of SI are separated from one
another by up to 3.5 A˚, and those of SII by as much as 5 A˚
(Figure 4A). Such a distribution suggests a continuum of confor-
mations, rather than few clearly separated ensembles. While this
is compatiblewith the existence ofmultiple switch conformations
within each nucleotide state (Rohrer et al., 2001; Spoerner et al.,
2004, 2005a, 2005b, 2005c, 2007), it is counter to the perhaps
common expectation that each switch adopts a unique confor-
mation in the GDP versus GTP state. Instead, our results suggest
that the distinct properties of the active and inactive states
(and the transformation between them) are defined by the relative
configuration of SI and SII rather than their individual behavior.
To complete our characterization of nucleotide-dependent
transitions, we examined several side chain configurations previ-
ously suggested to undergo rearrangement upon nucleotide
exchange (Ford et al., 2005; Hall et al., 2002; Ma and Karplus,
1997). For example, the following side chain reorientations have
been noted when comparing GTP- and GDP-bound structures.
SITyr32moves fromawater-exposedorientation to formahydro-
gen bond with Tyr40. This hydrogen bond is consistently absent
in allmembers of themainGTPconformer cluster (Figure 1). Inter-
estingly, those GTP-bound structures that do not reside in the
main cluster possess a mutation at position 32 or its vicinity. Ad-
ditional rearrangements include: SII Tyr64, which goes from a
Figure 2. Results of PCA on the Ras Catalytic Domain
(A–C) The contribution of each residue to the first three PCs.
(D) Back view of the Ras catalytic domain, with the first PC represented as
equidistant atomic displacements from the mean structure. Displacements
are scaled by the standard deviation of the distribution along the first PC.
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Structure and Dynamics of Ras Isoformshydrogen bonding arrangement with SI Glu37 to a water-ex-
posedorientation; Arg68concomitantly transforms toahydrogen
bonding pose with Glu37, while the hydrogen bond between
Glu62 and Arg68 is disrupted. Our unbiased simulation results
are consistent with these rearrangements, further validating the
observed conformational transition from the GDP to the GTP
state (Figures 4B and 4C). It is noteworthy that the side chain ori-
entation of Tyr32 consistently discriminates between nucleotide
states, and that Y32C structures reside outside the main GTP
cluster (Figures 1A, 4B, and 4C). This implies a nonoptimal GTP
hydrolysis conformation, consistent with the observed reduced
catalytic efficiency of these mutants (Klink et al., 2006).
Isoform Comparison
H-, N-, and K-ras are the most common and widely studied
members of the Ras family of proteins. They share a highly con-
served catalytic domain which contains sequence motifs impor-
tant for GTPase function and effector-exchange factor interac-
tion. The C-terminal hypervariable region displays little
sequence similarity between isoforms, and has been implicated
as the primary source of their functional divergence (Wolfman,
2001). Several isoform-specific properties have been identified
(Hancock, 2003; Jaumot et al., 2002; Plowman et al., 2005; Prior
et al., 2003; Rotblat et al., 2004; Roy et al., 2005). One that has
a direct relationship with functional specificity is nucleotide
state-dependent membrane localization (Abankwa et al., 2007;
Jaumot et al., 2002; Prior et al., 2001; Rotblat et al., 2004). For
example, H-ras in the GDP state and N-ras in the GTP state pref-
erentially segregate to cholesterol-enriched membrane subdo-
mains. These data suggest isoform-specific communication
between the nucleotide binding site and the hypervariable C
terminus. A first step toward understanding this differential
Figure 3. Analysis of Structures from MD
Simulations of H-Ras-G12V
(A–C) Projection of snapshots sampled every
100ps from GDP-H-ras (A), GTP-H-ras (B), and
free-H-ras (C) onto the first two PCs defined by
the X-ray structures (black circles, see Figure 1).
(D) Change in rmsfs (Drmsf in A˚) of GTP-H-ras
(black) and free-H-ras (red) from GDP-H-ras. In
this and subsequent figures, data are obtained
from two concatenated runs that differ in the
assignment of initial velocities.
Table 1. Simulations Performed
Ras Isoform Nucleotide Simulation Name Charge (+, ) Simulation Length (ns) Ca-Rmsd (A˚)a SASA (A˚2)b
H-ras GDP GDP-H-ras 24, 30 10, 15 1.1 ± 0.1, 1.3 ± 0.1 8913 ± 173
GTP GTP-H-ras 24, 31 14, 12 1.3 ± 0.1, 1.4 ± 0.2 9347 ± 225
NONE H-ras (free H-ras) 22, 27 11, 12 1.3 ± 0.1, 1.3 ± 0.1 9005 ± 158
N-ras NONE N-ras 22, 26 10, 10 1.1 ± 0.1, 1.1 ± 0.1 9139 ± 179
K-ras NONE K-ras 22, 28 10, 10 1.5 ± 0.2, 1.4 ± 0.2 9354 ± 200
Simulations were run in pairs, differing only in the assignment of initial velocities, to improve sampling (Caves et al., 1998; Gorfe and Caflisch, 2005;
Gorfe et al., 2002). In the last three columns, data for multiple simulations are separated by commas; values presented are ±1 SD.
aRmsd (averaged over the last 8 ns data, excluding SI and SII) was measured from the respective equilibrated structures.
b Total SASA averaged over the last 8 ns data and over the two runs.
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Structure and Dynamics of Ras Isoformscommunication is a detailed characterization of the catalytic
domain of each isoform.
Sequence and Structure
Mapping the sequence variation between isoforms helps define
two lobes within the catalytic domain (Figure 5B). Lobe 1 (resi-
dues 1–86) is strictly conserved and encompasses the P loop
and the switch regions. Lobe 2 (residues 87–171) contains amino
acid variations, including several that involve the exchange of
hydrophobic for polar or charged residues, and vice versa (Fig-
ure 5A). For example, relative to H-ras, Ala91 and Leu168 are
replaced by Glu in N- and K-Ras, respectively; Ala121 and
Ala122 are replaced by Pro and Thr/Ser (Figure 5A). The localized
nature of the sequence variation implies that potential isoform-
specific interactions between the nucleotide and the membrane
binding regions may involve differential interaction of lobe 2 with
lobe 1. As might be expected from their high sequence similarity,
the structures of the isoforms do not appreciably diverge during
our 10 ns long MD simulations. For instance, the displacement
(excluding SI and SII) of N- and K-ras from the initial model is
modest, with a mean rmsd of 1.1 A˚ (±0.1 SD) and 1.5 A˚
(±0.2), respectively. By comparison, themean rmsd in H-ras sim-
ulations ranges between 1.1 and 1.3 A˚, depending on the nucle-
otide state. The all-residue pair-wise (i.e., each isoform against
every other) Ca-rmsd of the 10 ns snapshots ranges between
2.0 and 2.9 A˚. A similar range is obtained when two simulations
of the same isoform are compared. Furthermore, the difference
among isoforms in the trajectory and time-averaged total solvent
accessible surface area (SASA) is comparable to the difference
between GTP-H-ras and GDP-H-ras (Table 1). PCA projections
show that the conformational spaces sampled by the isoforms
are also similar (Figure 3 and Figure S3).
Comparison of secondary structure elements revealed minor
differences in the first three b strands and helices a1 and a5
Figure 4. Structure and Dynamics of Switch
Regions SI and SII
(A) Rmsd for SI (black) and SII (red), and the differ-
ence between rmsds of SI and SII (SI SII, green).
(B) Evolution of distances between selected side
chain atoms at SI and SII: Tyr32Oh-Tyr40Oh (SI),
Glu62Cd-Arg68N3 (SII), and (Glu37Cd-Arg68Nh2)
(interswitch). Vertical dashed lines demarcate the
range of 100 ps-separated frames from simula-
tions free H-ras (first two columns from left),
GDP-H-ras (middle two), and GTP-H-ras (last
two).
(C) Snapshots illustrating the configurations of SI
(pink) and SII (yellow) together with key side chains
(sticks) that undergo major reorientation upon
nucleotide exchange.
(data not shown). Small differences are
also observed in atomic contacts, espe-
cially in a2 (Figure S4). Because a4 en-
compasses themost divergent sequence
region within the catalytic domain of the
Ras family (Abankwa et al., 2008), we in-
vestigated its structure in more detail.
Side chain contact maps (see below)
show that one face of a4 is devoid of interactions, consistent
with residues at that face being solvent exposed. The atom-
wise ensemble-averaged SASA of a4 is 7.7, 7.9, and 7.6 (±0.1) A˚2
for H-, N-, and K-Ras, respectively. By comparison, atom-wise
SASA of the highly dynamic a2 is 9.1, 8.5, and 8.5 A˚2. These
values are 7%–11% (a4) and 20%–26% (a2) larger than the cor-
responding values in a3 and a5 (7.0–7.2). Furthermore, the total
SASA of a4 is larger in N-ras and smaller in K-ras than in H-ras
(Figure 6A). The major sources of these differences are residues
Arg135 and Tyr137, which undergo small rearrangements with
respect to neighboring side chains (Figure 6B). Note that
Arg135 (along with Arg128) plays an important role in membrane
binding and function of GTP-bound H-ras (Abankwa et al., 2007,
2008; Gorfe et al., 2007). On the other hand, K-ras exhibits a sub-
stantially higher flexibility than N- and H-ras (Figure 6C). While
the functional implication of the enhanced K-ras dynamics is
yet to be determined, it is worth noting that the most affected re-
gions are the functionally important SI and nucleotide base coor-
dinating loops b4-b5 and a4-b5 (Rudolph et al., 2001). These
structural and dynamical differences provide useful clues to
the existence of isoform-specific communication routes be-
tween the nucleotide and membrane binding regions, discussed
below.
Differential Atomic Interactions
Comparing contact maps has the potential to reveal features im-
portant for long-range communication. As shown in Figure 7,
there are fewer interlobe than intralobe interactions. Most of the
interlobe contacts involve a5, which exhibits extensive interac-
tion with a1 and each of the b strands. Among the remaining
regular secondary structure elements, a3 contacts a4 at one
side and SII at the other. Difference contact maps (DCMs) were
used to highlight interactions that are unique to a particular iso-
form (Figure 7). DCM analysis indicates that H-ras has a number
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Structure and Dynamics of Ras Isoformsof unique polar and nonpolar contacts. Some are relatively local
(i.e., close in sequence and lying near the diagonal of the DCM),
with a probable role in structural stability (e.g., His27-Ile31 in a1,
His94-Glu98 in a3, and Val45-Ile50 between b2 and b3). Others
involve functionally important regions within a lobe, such as
Figure 5. Primary and Tertiary Structure of
H-, N-, and K-Ras Proteins
(A) Sequence comparison with the nonconserva-
tive amino acid substitutions highlighted in gold.
(B) Mapping the major nonconservative substitu-
tions onto the MD-derived structure. Structural re-
gions involved in function and nucleotide binding
are colored in light green (SI), orange (SII), pink
(b5-a4, which contains the conserved NKXD mo-
tif), and yellow (b6-a5, which contains the con-
served Ala146). Lobe 1 is toward bottom.
Figure 6. Solvent Accessibility and Flexibil-
ity of Isoforms
(A) Normalized histograms of the SASA (A˚2) of a4
(residues 126–138) from simulations 1 (black)
and 2 (red). Time evolution (2–10 ns) of SASA in
K-ras is shown in the inset.
(B) Solvent-exposed face of a4 and neighboring
regions; residues within 5 A˚ of Arg135 and
Tyr137, which are the two residues with major
contribution to the variations in SASA of a4, are
shown in dark gray. The C-terminal residue 170
is also shown.
(C) DRmsf of K and N-ras relative to H-ras.
Asp34-Tyr71 (SI-SII) and Asp119-Lys147
(loop b5/a4-loop b6/a5). The major H-
ras-specific interlobe side chain contacts
include b1-a3 (Val9-Tyr96), turn b2/b3-a5
(Glu49-Arg164), loop b4/a3-loop b5/a4
(Ile84-Val125, Asn85-Leu120). Of particu-
lar interest may be the Glu49-Arg164 hy-
drogen bonding pair, which has, together
with Asp47-Arg161, recently been identi-
fied as important mediators of membrane
association (Abankwa et al., 2008).
N-Ras exhibits (mostly local) unique
contacts that predominantly involve polar
residues. However, three clusters of
interactions discriminate N-ras from the other isoforms: b1-a5
(Thr2-Arg167), SII-a3 (Tyr64-Tyr96, Arg73-Val103, and Phe78-
Val109), and loop b5/a4-loop a4/b6 (Met111-Tyr137, Cys118-
Ser145, Arg123-Glu143). In contrast, the unique interactions in
K-ras are almost entirely nonpolar, and can be grouped into
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(Leu6/Leu23/Ile55-Phe156 and Thr20-Ala155), the second
involves interaction of SII with a3 (Met67-Gln99/Ile100 and
Phe78/Cys80-Ile100).
Figure 8 summarizes the main findings of the DCM analysis.
The polar contacts in N-ras define a putative path from the nucle-
otide binding site, via the N terminus and a3, to the C-terminal
helices a5 and a4, respectively. H-ras contains a similar network
of interactions employing residues near the P loop and a3 as
intermediaries. K-ras has a hydrophobic cluster providing tight
packing between the core of lobe 1 and a5, but lacks unique con-
tacts that would transduce a signal upstream of a3. Furthermore,
while both N- and K-ras exhibit specific communication between
SII and a3, there are no SII-a3 interactions that are unique to
H-ras. Thus, different routes of communication between the
nucleotide binding site and the C terminus are apparent in the
Figure 7. Overlaid Maps of Pair-Wise Contacts between Side Chains at Least Four Amino Acids Apart in Sequence
(A) Overlay of contacts in H-, N-, and K-ras.
(B–D) DCMs: (B) H versus N (i.e., contacts present in H- but not in N-ras, in black) and H versus K (red). (C) N versus H (black) and N versus K (red). (D) K versus H
(black) and K versus N (red). Only contacts existing in at least 50%of frames collected from the 2–10 ns portion of each trajectory are considered. Isoform-specific
contacts (labeled) are identified by the overlapping black and red symbols, and those between residues distant in sequence (blue labels) are displayed in space-
filling model (inset). See Experimental Procedures for definition of contacts and difference contact maps.
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nection between the catalytic site and the C terminus and,
hence, with the membrane binding region.
Conclusions
In this work, we combined bioinformatics analysis and MD sim-
ulations to quantitatively characterize the nucleotide-dependent
conformational properties of Ras proteinal. PCA was used to
characterize the structural and dynamical features of active
and inactive experimental H-ras structures. Two distinct clusters
of conformers representing the GDP and GTP states were high-
lighted, as well as a number of distinct switch and P loop mu-
tants. For example, GTP-bound Y32C SI mutant structures re-
side outside the main GTP cluster, suggesting a nonoptimal
GTP hydrolysis conformation. This is consistent with their ob-
served reduced catalytic efficiency (Klink et al., 2006). Of partic-
ular note is the oncogenic P loop mutant G12V. It has been sug-
gested that some oncogenicmutations enhance the dynamics of
the nucleotide binding site (Futatsugi and Tsuda, 2001) or reduce
the electrostatic stabilization of the transition state (Shurki and
Warshel, 2004). Our results reveal that inactive G12V H-ras has
unique structural features that distinguish it from the normal in-
active Ras. This provided the motivation for using the G12V H-
Ras as a model for an unbiased simulation study of the reaction
path along the inactive to active conformational transition. Fur-
thermore, PCA projections provided the means for analyzing
and interpreting the simulated structures.
Multiple simulations of G12V H-Ras were analyzed with re-
spect to thePCA results from the experimental structures to visu-
alize the inactive-to-active conformational transition. Special at-
tention was given to the backbone and side chain configurations
of the two switches, which were analyzed individually and in tan-
dem. We found that G12V H-ras undergoes a spontaneous con-
formational transformation with a mechanism that is consistent
with previous experimental and computational studies (Ford
et al., 2005, 2006; Ma and Karplus, 1997; Noe et al., 2005). More-
over, the simulations provided several fresh insights. For exam-
ple, themultiphase conformational transition between nucleotide
states consistently starts with a rearrangement of SII, and is
followedby that of SI. Interestingly, only the relative arrangement,
and not the individual conformation of the two switches, deter-
mines the nature of the nucleotide states. Furthermore, the fact
that a spontaneous conformational transition has been observed
in G12VH-ras implies a lower and thermally accessible energetic
barrier between its inactive and active states. This has a broad
biological implication, in that the oncogenic G12V variant—and
perhaps other ocongenic variants as well—is prone to adopting
the signaling-competent conformation. It also emphasizes the
utility of exploiting cancer-causing variants to explore processes
that are otherwise inaccessible to classical simulations.
We expanded our investigations to include the other two ubiq-
uitously expressed isoforms: N- and K-ras. We were particularly
interested in identifying the isoform-specific mechanisms, if any,
of the communication between the N-terminal lobe, which con-
tains the switch regions, and the C-terminal lobe of the catalytic
domain, which extends to the linker and the membrane anchor.
We analyzed their sequences and built homology models of N-
and K-ras with H-ras as a template. MD simulations were subse-
quently used to relax the models and to investigate the relative
dynamical behavior of the three isoforms. We found that, despite
the overall similarity, the resulting structures exhibit small behav-
ioral differences, such as variations in the water accessibility of
a4 and enhanced dynamics of K-ras at SI and loops b5-a4 and
b6-a5. The significance of these differences in determining spec-
ificity of interlobe engagement was investigated in terms of long-
range side chain interactions, highlighting two to three putative
routes of communication between sites directly in contact with
the nucleotide and those distal from it, including a5. These
specific pathways of communication between the nucleotide
binding site and the C terminus provide useful insights into
how functional specificity might be achieved by the otherwise
highly similar catalytic domains of Ras isoforms, and is a first
step in rationalizing opportunities for selective intervention of
Ras-related carcinogenesis.
EXPERIMENTAL PROCEDURES
Atomic coordinates for all available Ras crystal structures (see the Supplemen-
tal Data) were obtained from the RCSB Protein Data Bank (Berman et al.,
2002). Prior to assessing the variability of the 55 available crystal structures,
iterated rounds of structural superposition were used to identify the most
structurally invariant region. This procedure entailed excluding those residues
with the largest positional differences (measured as an ellipsoid of variance de-
termined from the Cartesian coordinates for equivalent Ca atoms), before each
round of superposition, until only the invariant ‘‘core’’ residues remained (Grant
et al., 2006). This structurally invariant core consists of residues 6–11 and 14–
20 (encompassing portions of the structural elements b1-loop1-a1), along with
residues 55–57 (b2), 77–85 (b4), 110–117 (b5), 140–146 (b6), and 151–153 (a5),
and was used as the reference frame for superposition of both crystal struc-
tures and subsequent MD trajectory snapshots.
PCA
PCAwas employed to further examine interconformer relationships. The appli-
cation of PCA to both distributions of experimental structures and MD
Figure 8. Proposed Isoform-Specific Routes of Communications
between Lobes 1 and 2
Communications are indicated by rod-connected spheres. The location of the
spheres is based on the isoforom-specific contacts in Figure 7 and is meant to
highlight the regions in contact with each other, and not specific atomic inter-
actions. H-ras is in black, N-ras in pink, and K-ras in blue. Lobe 1 is at the back
and lobe 2 is at the front.
Structure 16, 885–896, June 2008 ª2008 Elsevier Ltd All rights reserved 893
Structure
Structure and Dynamics of Ras Isoformstrajectories, along with its ability to provide considerable insight into the nature
of conformational differences in a range of protein families, has been previ-
ously discussed (Abseher and Nilges, 1998; Caves et al., 1991, 1998; VanAal-
ten et al., 1997). Briefly, PCA is based on the diagonalization of the covariance
matrix, C, with elements Cij, built from the Cartesian coordinates, r, of the
superposed structures:
Cij = hðri  hriiÞi 
ðrj 

rj
Þ;
where i and j represent all possible pairs of 3N Cartesian coordinates, where N
is the number of atoms being considered. The eigenvectors of the covariance
matrix correspond to a linear basis set of the distribution of structures, referred
to as PCs, whereas the eigenvalues provide the variance of the distribution
along the corresponding eigenvectors. Projecting the Ras structures into the
subspace defined by the largest PCs (along which the sample variance is larg-
est) results in a lower dimensional representation of the structural dataset (see
Figure 1 for details). The resulting low-dimensional ‘‘conformer plots’’ suc-
cinctly display the major differences between structures, highlight relation-
ships between different specific conformers, and thus enable the interpreta-
tion and characterization of multiple interconformer relationships (Grant
et al., 2006).
MD Simulations
The Mg2+$GDP-bound G12V H-ras crystal structure containing residues 1–
171 (PDB code: 2Q21; Tong et al., 1991) was used as a starting point for all
H-Ras simulations, and as a template for homology-modeling N- and K-ras
structures. The models were generated with SWISS MODEL (Peitsch, 1996)
and then visually inspected and compared with H-ras. Side chain configura-
tions were optimized manually and by short (20 ps) MD relaxations. For exam-
ple, Asp119’s side chain, which coordinates the nucleotide base in H-ras, was
pointing to the solvent in the initial model of N-ras. It was slowly reoriented with
harmonically restrained MD so that it would reside in a more favorable hydro-
gen bond arrangement with the base. The structures were further optimized by
MD simulations (described below).
The CHARMM27 force field (MacKerell et al., 1998) was used in all simula-
tions. Parameters for GDP/GTP were prepared by analogy to those of ADP/
ATP (Gorfe et al., 2007). The H-ras simulations were carried out in the presence
of bound Mg2+$GDP (GDP-H-ras) and Mg2+.GTP (GTP-H-ras). The latter was
obtained by the addition and local optimization of the g-phosphate onto the
GDP of the 2Q21 crystal structure. All three isoforms were also simulated with-
out nucleotide by deleting the cofactors. Each system was solvated in a water
box of appropriate dimensions such that every protein atom was at least 10 A˚
away from the side of the box. Charge-neutralizing counter ions were added
and water molecules overlapping with protein atoms were deleted (cutoff,
2.6 A˚), resulting in system sizes ranging from 27,458 to 28,111 atoms. Stan-
dard minimization and equilibration procedures (e.g., see Gorfe and Caflisch,
2005) were performed for 200 ps. Production simulations were performed at
constant temperature (310K) and pressure (1 atm), periodic boundary condi-
tions with full particle-mesh Ewald electrostatics, and 12 and 14 A˚ cutoffs
for vdW interactions and nonbonded list update, respectively. Bonds involving
hydrogen atoms were constrained by SHAKE and a 2 fs time step was used.
Names and other details of the simulations are summarized in Table 1.
Additional Analysis of Experimental and Simulated Structures
Complete-linkage hierarchical cluster analysis of the Euclidean distance ma-
trix built from the projected structural coordinates along the first five eigenvec-
tors was used to compare conformers. Note that a similar clustering pattern
was observed when Ca atom rmsd was taken as the dissimilarity measure.
Least-squares fitting and rmsd-based structure clustering of the SI and SII
switches was carried out with the Ca and Cb atoms.
Contact maps, a simplified representation of distance matrices, were used
to monitor atomic interactions. A pair of atoms is assumed to be in contact if
the distance between them is less than 4 A˚. The difference between two con-
tact maps (DCM) can help identify unique interactions in one structure relative
to another. DCMs were used to compare the isoforms in terms of their long-
range side chain contacts (between residues at least four amino acids apart
in sequence i, j (jR i + 4)). Only contacts that exist in at least 50% of the frames
were considered. Isoform-specific side chain interactions are then defined as
contacts that exist in one isoform, but not in the other two.
Multiple alignments and most of the structural analysis were performed with
utilities within the Bio3D package (Grant et al., 2006). All system setups and
equilibrations (as well some of the data analysis) were performed with the
CHARMMprogram (Brooks et al., 1983), and production simulations were per-
formed with NAMD (Phillips et al., 2005). Trajectory manipulations and other
routine analyses were performed with the program WORDOM (Seeber et al.,
2007). Visual inspections and molecular figures were generated with VMD
(Humphrey et al., 1996).
SUPPLEMENTAL DATA
Supplemental Data include one table detailing the PDB structures analyzed
and four figures. Figure S1 compares contact maps of H-ras in the presence
and absence of the nucleotide; Figure S2 shows the root mean square devia-
tions of the switch regions; Figure S3 shows PCA projections of N- and K-ras
simulated structures; and Figure S4 compares contact maps of H-, N- and
K-ras. Supplemental Data are available online at http://www.structure.org/
cgi/content/full/16/6/885/DC1/.
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